Omni-directional walking is an important part for biped robots. Whereas, the problems of complex model, low stability, low flexibility, etc., existing in walking planning of biped robots, attract interests of many researchers. This paper proposes an adaptive omni-directional walking method with fuzzy interpolation (OW-FI) applied to a fast-stable omni-directional walking. A new separated omni-directional walking method consisting of straight walking, based on the improve Hermite interpolation, and rotation is designed to simplify the walking model and achieve a good key frame data selection. The mapping relationship between poses and actuators' angular speeds is then constructed by walking transforming model based on kinematics. In order to implement a stable and adaptive walking, a fuzzy approach to walking parameters adjustment is presented, where the step length and rotational speed of omni-directional walking are controlled fuzzily. The results of simulations and experiments demonstrate that the proposed method has better properties in adaptability and stability than the competing methods.
Introduction
Nowadays, biped robots have broad application in many fields, such as servicing, rescuing, detecting and so on. Researches on biped robots have been developed for many years, and attract more and more interests of scholars. Among the robotic research fields, the walking planning is one of the core technologies [1] [2] .
Different from wheeled robots, the walking planning of biped robots is a complex model, and many approaches have been implemented to achieve a good walking. In general, walking planning methods of biped robots can be categorized into two areas roughly [3] : non-model based walking and model based walking. Non-model based walking, proposed in many researches, such as [4] , [5] , [6] , and so on, achieves the biped robots walking through the historical walking data and does not calculate by kinematics or dynamics. In non-model based methods, approaches with neural network are usually used for the biped robots' walking [5] [6] , where the mapping relationship between 3D pose of walking and angular degrees of the actuators is fitted through a lot of offline training of walking data. These methods can achieve a continuous and stable walking effectively. However, the large amount of walking training data are usually hard to be obtained. What's worse, the coverage rate of domain of training data can affect the accuracy of fitted mapping relationship deeply.
Contrast to non-model based walking, model based walking, proposed in many researches, such as [3] , [7] and so on, is based on the robot kinematics or dynamics. Robot inverse kinematics [8] [9] is often applied to calculate the real-time angular degrees of actuators according to the 3D pose data during the model based walking planning instead of fitting in non-model based walking planning. However, the selection of 3D pose data is not introduced in robot inverse kinematics, which causes that if the pose data are not calculated correctly, the walking planning may be broken down. The 3D pose data of walking can be calculated by 3D inverted pendulum model [10] [11] with taking the gravity and accelerated speed into consideration. These methods have a better performance in efficiency and stability compared with the neural network. Whereas, these approaches conduct the walking planning with open-loop control, and it may result in a poor adaptability faced with complex terrain. Feedback regulation control of walking planning are introduced in some researches, such as [3] , [12] , [13] and so on. In these methods, during the walking, a biped robot can perform a real-time correction with the feedback information of environment obtained by sensors. However, the complex model and poor generality exist in these method, which results in that these method may often be only suitable for the specific robot model. Walking planning based on machine learning is popular recently [14] [15] , where the learning algorithm, such as the reinforcement learning [16] [17] . Through machine learning, the walking of biped robots are more flexible and can conduct the adaptive adjustment as the environment changes. Nevertheless, an outstanding walking planning result with machine learning may need a great amount of online training under various scenes, which will be a huge cost on time and energy. Approaches with interpolation also are a popular method in walking planning, and there are many different interpolation functions are used, such as the high-order polynomial method [18] , cubic spline interpolation [19] , B-spline interpolation [20] , and so on. The parameters of interpolation are calculated by key frame data and the continuous pose data are calculated by the interpolation. While, like the inverted pendulum model, simple interpolation is an open-loop control method, the poor adaptability exists in interpolation too.
In this paper, an OW-FI, with a high stability and adaptability, is proposed. The method is based on the Hermite interpolation [21] and adjusts the parameters of Hermite interpolation according to the real-time environmental information. In order to simplify the walking model and achieve a better selection of key frame data, a new separated omni-directional walking method consisting of straight walking, based on the improve Hermite interpolation, and rotation is presented. The mapping relationship from pose data to angular degrees of actuators is then constructed by walking transforming model based on robot kinematics. Finally, a fuzzy approach to walking parameters adjustment is proposed, where the relative position and the acute angle between a robot and a target are regarded as the input of the fuzzy control, for an adaptive and stable closed-loop walking planning. The overall method architecture is improved, resulting in the proposition of this new method architecture. This paper is organized as follows: Section 2 presents the new separated omni-directional walking method, where the improved Hermite interpolation is introduced. The walking transforming model based on kinematics is presented in Section 3, where the key frame data sent from the interpolation is mapped to the angular degree of actuators. Section 4 presents the adaptive fuzzy parameters adjustment method, where the fuzzy control is used to conduct a feedback control. Simulations and real experiments are given in Section 5 to illustrate the performance of the proposed method. Section 6 presents the conclusion. center of two biped robot's feet. The calculation of walking planning is based on the local coordinate system. In general, the walking of biped robot can be divided into two phases: the double-leg support phase and the single-leg support phase [22] . In double-leg support phase, the supporting leg changes and a simple pose alignment is conducted. In single-leg support phase, in order to reduce the complexity of planning model, the robot leg are set to keep horizontal and a walking trajectory of single-leg support phase is shown in Fig. 2 . In Fig. 2, 2d is the robot step length; h is the step height; the solid lines are the key frames of swinging leg; and the dotted lines are the key frames of supporting leg. There are many key frames calculation methods, such as the high-order polynomial method [18] , cubic spline interpolation [19] , B-spline interpolation [20] , and so on. This paper introduces a improve Hermite interpolation, where considering the practical physical model of walking, the condition that the second derivative is zero in traditional Hermite interpolation is changed into that the first derivative is zero, for walking planning. The specific steps of the proposed straight walking planning based on improve Hermite interpolation are introduced as bellow: Step1. Simplify the walking model.
Since it is a linear motion, the coordinates of the actuators of robot leg on the x axis are regarded as the same, i.e. the robot leg keeps horizontal. The walking can be simplified as a motion in y-z plane, as shown in Fig. 2. Step2. Calculate the key frame coordinates.
From (1) where, w C is a constant, which means the height of the waist of swinging leg in the single-leg support phase remain the same.
Step3. Improved Hermite interpolation of ankle.
The key frame coordinates are regarded as the input parameters of Hermite interpolation to obtain the smooth moving trajectory functions, as shown in Fig. 2 (2) .
According to the constraint iv, the constraint vector can be calculated by (2) and (3). Hence, the moving trajectory function of ankle of swinging leg can be calculated.
Step4. Repeat Step3, the waist trajectory function can also be calculated. Through analyzing omni-directional walking of biped robots carefully, this paper discovers that the essence of the biped robots' motion is a resultant motion of straight walking and rotation around the z axis of local coordinate system, as shown in Fig. 3 . Thus, this paper proposed a separated walking model consisting of straight walking and rotation and the two motion are independent. The straight walking can be achieved by improved Hermite interpolation, introduced in Chapter 2.1, as shown in Fig. 3(a) . The rotation can be achieved by an angular velocity z t ω w.r.t. z axis, as shown in Fig.   3 (b). At last, the calculated data of two motion are sent to the transforming model.
Simplified omni-directional walking

Walking Transforming model based on Kinematics
In order to transform the motion data, sent from the separated omni-traditional walking planning method, into actuators' control data, a walking transforming model based on kinematics is designed. Different from the traditional inverse kinematics, the proposed model considers the straight walking and rotation by kinematics separately. A robot inverse kinematics is applied to transform the motion data, calculated by straight walking, into actuators' control data. Meanwhile, the rotation data only control the actuator, which controls the ankle's rotation of supporting leg around the z axis. Finally, the control data obtained from the two motion are combined together and sent to the robot.
Straight walking transforming model based on robot inverse kinematics
The processing of calculating the angular degrees of actuators of a robot's legs according to poses of waist and ankle is called inverse kinematics. Since the inverse kinematics is relative to the concrete robot model, this paper conduct the inverse kinematics on a NAO robot platform [23] [24] for an example. Fig. 4 . In Fig. 4 , every leg has six joints, i.e. six actuators; hip has three actuators; ankle has two actuators; and knee has only one actuator. The specific calculation steps of right leg are:
Step1. Calculate real-time pose data.
Since the interpolation function of straight walking is obtained, according to the cycle times of single-leg support phase, the discrete real-time pose data of waist and ankle can be obtained from the function curve. Assuming that now time is t, and the corresponding pose data of waist and ankle are ) , ( ; r t is the distance vector from ankle to hip; D is the distance between waist and hip; A is the distance between hip and knee; B is the distance between knee and ankle; C is the distance between hip and ankle; α t is the space angular degree of ankle; 6 6 6 --
is the local coordinate system of 6 th actuator; and the pose data of Consequently, 
Step3. Calculate the ankle's angular degrees.
From Fig. 5(b) , it can be obtained that,
From Fig. 5(c 
In the same way, the real-time angular degrees of actuators of left leg, assuming they are } 12 ,..., 7 | { = i q i t , can be calculated.
Combination of control data
In order to add the rotation into the walking, a combination method of control data is proposed. , are sent to a biped robot for achieving the omni-directional walking.
For a more clear understanding to the separated omni-directional walking, the frame of proposed method is shown in Fig. 6 . According to Fig. 6 , a completed separated omni-directional walking can be constructed, and it has three parameters: step length d, step height h, and rotational speed z t ω . 
Adaptive Fuzzy Parameters Adjustment Method
During the robot walking, in order to keep the stability of walking, an adaptive parameters of proposed omni-directional walking should be made. Simply speaking, since the prosed method has three parameters, when a robot is closed to a target, it should walk in a low speed, i.e. a small step length and small step height. On the contrary, when the distance from a robot to a target, the robot should walk in a high speed. The same situation can be found in rotation. In order to conduce the dynamic control, some approaches are introduced: A second speed regulation optimization method is proposed in [25] for a walking speed control where two speed levels are set in the robot system and the walking speed changes between two levels according to the environment information. Whereas, the control result may be not a continuous speed function, which may cause a poor stability of robot system. ProportionalIntegral-Derivative (PID) control is introduced in [26] [27] , and the parameters are controlled by a PID controller. While, it cannot be a genetic approach to all, even similar, tasks, because the parameters of PID controller are quite circumstantial. This paper, combining the thought of fuzzy control [28] [29] , designs an adaptive fuzzy parameters adjustment method. At the same time, considering the proposed omni-directional walking planning method, the fuzzy control is divided into two independent parts: the adjustment of straight walking and the adjustment of rotation. In straight walking adjustment part, the relative distance between a robot and a target is regarded as the input of fuzzy control and the step length and height are the output. In rotation walking adjustment part, the relative acute angle between a robot and target is regarded as the input and the rotational speed is the output. Especially, the relative distance and acute angle can be obtained by some methods, such as image processing methods [30] [31] [32] [33] , localization techniques [34] [35] [36] , mapping techniques [37] [38] , noise reducing method [39] [40] and so on.
Adaptive Fuzzy adjustment of straight walking
The fuzzy description of relative distance between a robot and a target is set as "small, medium, large". In the same way, the step length is described as "small, medium, large" fuzzily. The corresponding membership function are shown in Fig. 7 . Step Length (m) The fuzzy rules is appointed as "If distance is large, step length is large; if distance is medium, step length is medium; if distance is small, step length is small". According to the max-min compose operation, the fuzzy inference engine 
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Adaptive Fuzzy adjustment of rotation
Like straight walking, in adaptive fuzzy adjustment method of rotation, the relative acute angle between a robot and a target is selected as the input, the rotational speed is selected as the output. The fuzzy description of input is "small, medium, large", and the rotational speed, i.e. the output is also described as "small, medium, large" fuzzily. The fuzzy rules are the similar that "If acute angle is large, rotational speed is large; if acute angle is medium, rotational speed is medium; if acute angle is small, rotational speed is small". The diagram of membership function of rotation is shown in Fig. 8 . is obtained according to (34) , the weighted average value of corresponding rotational speed is o rs according to (35) . In particular, if the position of target is in the first or third quadrants of x-y plane, which is belong to the local coordinate system of biped robot, the final rotational speed parameter value should be 
Frame of OW-FI
According to the above description, the proposed OW-FI is completed, and its frame is shown in Fig. 9 .
In fuzzy control phase, called FCP, the environment feedback information is used for fuzzy control and the final fuzzy parameters, including the step length, step height, and the angular speed, are obtained.
In omni-directional walking planning phase, called WPP, the fuzzy parameters are used in the straight walking and the rotation.
In transforming model based on kinematics, the calculated improved Hermite interpolation curve of straight walking and rotational speeds are combined together to obtain the final angular speeds of actuators by kinematics.
Finally, the angular speeds are sent to the robot to execute.
Distance l and angle a between robot and target
Step length d, step height h and angular speed 
Simulations and Experiments
In the experiments, walking test is conducted to demonstrate the practicality of proposed separated omni-directional walking method. Then, the proposed OW-FI, PID control [26] [27] , where the proportional control is used, and the sectional control [25] are compared in the Matlab, where the control output results are compared, real environment, where a red ball is selected as the target for tracking comparison, and the simulation platform, where a large amount of dribbling ball tests are implemented, to prove the adaptability, efficiency, and stability of proposed OW-FI.
The experiments are implemented on the Matlab, a real NAO robot [23] [24] and the simulation platform, RoboCup3D simulation platform [41] , as shown in Fig.  10 . Fig. 10(a) is the real experimental environment, which is a m m 10 10 × space with a green carpet, and the NAO robot is tested on the green carpet for tracking the red ball. Fig. 10(b) is the RoboCup3D simulation platform, where a NAO robot, which is the same as real NAO is built in it, and NAO robot can obtain the ball position through image processing. 
Walking test
To illustrate the practicality of proposed separated omni-directional walking, the experiments are implement in the Matlab and a real NAO robot. The walking parameters are set as constants and their values are shown in Table 1 . In the Matlab, the planned leg trajectories are calculated by kinematics, as shown in Fig. 11 . In Fig. 11 , the red lines are the right leg trajectories; blue lines are the left leg trajectories; green lines are the waist trajectories; black dotted lines are the projection point trajectories of center of gravity.
From Fig. 11 , the projection point trajectories of center of a robot's gravity are meeting the requirement of ZMP after analysis, and it can be obtained from the simulation results that the separated omni-directional walking can be achieved. Then, the real NAO robot is used for walking test, as show in Fig. 12 . In Fig. 12(a) , the robot is tested for the straight walking and in Fig.  12(b) , the robot is tested for the rotation. Through testing, the average speed of straight walking can be obtained and its value is 0.413m/s, which means the moving speed of NAO robot is fast. The rotational speed is 5.617 o /s, which is much closed to the setting value, 6 o /s. According to the experimental results, it can be obtained that the separated omnidirectional walking has a high practicality for the robots' walking and simplifies the walking model.
Fuzzy control test
The high walking speed may reduce the stability of a robot, so, the fuzzy control thought is used for the walking speed control. The parameters of fuzzy control are shown in Table 2 . (30) and (31) , as shown in Table 3 and Table 4 . From Table 3 and Table 4 , the fuzzy engine R s of straight walking can be obtained by (32) . Finally, the fuzzy results can be calculated by ( It can be obtained from Fig. 13 and Fig. 14 that linear inputs become smooth curve output through fuzzy control, which has certain adaptability for the objects with complex motion models, such as robots, and could improve the robustness and stability of the system. In the target tracking test, as show in Fig. 10(a) , red rolls, controlled by a person, and a NAO robot can get the distance information through image processing and then the real-time fuzzy control is conducted. A ball tracking photo sequence is shown in Fig. 15 . To a further proving for the practicality and efficiency of proposed OW-FI, the propose method is compared with PID control [26] [27] and the sectional control [25] under the same conditions and the same ball motion trajectories. Especially, every methods are test for 30 times and the final average tracking trajectories of three methods are show in Fig. 16 and Fig. 17. Fig. 16 is the average tracking trajectories of three methods and in Fig.  16 , the red lines are the ball motion trajectories and blue lines are the robot motion trajectories. Fig. 17 is the change of average distance between the robot and the red ball, i.e. the distance error, as the time goes. The positions of ball and robot are recorded every 1s. In Fig.  17 , the red line is the distance error change of OW-FI; the blue line is the PID control's; and the green line is the sectional control's. From Fig. 16 and Fig. 17 , with the OW-FI, the NAO robot catches up with the ball after about 27 time slices; with the PID control, it costs about 42 time slices; with the sectional control, it costs about 57 time slices. And when the robot dribbles the ball, after catches up with the ball, the stable distance error is 0-0.3m with OW-FI. With PID control and sectional control, the stable distance error ranges are 0-0.7m and 0-0.8m. The above data means that the OW-FI can track the target more closely than other methods. Hence, it can be obtained that the OW-FI is more suitable for robots than the competing methods and better practicality and efficiency it has. 
Target tracking comparison
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Stability comparison
In order for a further proof in the stability of OW-FI. The three walking control methods, proposed OW-FI, PID control, and sectional control, are tested in the RoboCup3D simulation platform for the large amount of dribbling ball comparisons. The testing environment is shown in Fig. 10(b) and robot can find the real-time ball position through image processing. A dribbling ball photo sequence in Robocup3D simulation platform is shown in Fig. 18 . Fig. 18 . Ball tracking photo sequence in simulation. As shown in Fig. 18 , every method is tested for 100 times and every time takes 10 minutes. At the same time, the average falling times during dribbling ball, the average shooting times of three method in every time are recorded as shown in Table 5 . Especially, the average falling times reflects the stability of the control method, and the average shooting times reflects the average dribbling ball speed.
From the Table 5 , the average falling times with OW-FI is 3.5 times, which is less than the PID control's result, 13.33 times, and the Sectional control's result, 15.81 times. Hence, the high stability of proposed OW-FI can be proved. According to the average shooting times comparison, it can be obtained that the dribbling ball speed of OW-FI is the most fast, the reason is that the OW-FI can reduce the action switching times with the fuzzy control.
Conclusion
Facing the problems of omni-directional walking for biped robots, such as the complex model, low stability, low flexibility and so on, an adaptive OW-FI method, where a closed-loop control is conducted, is proposed to tackle these problems. This paper introduces a new separated omni-directional walking method, consisting of straight walking and rotation, to simplify the walking model. Real-time pose data can be obtained from the omni-directional walking function, and then transformed into the angular speed of legs' actuators by kinematics. By the adaptive fuzzy parameters adjustment, the walking parameters change according to the environment feedback information to improve the stability and flexibility of the robot system. The experiment results demonstrate the proposed OW-FI has better properties in stability and adaptability than the competing methods. This method can play a certain role in the development of biped robot gait planning.
